Introduction
T elevision (TV) is one of the most influential mediums for mass communication. In less than 100 years, TV has become an integral part of modern social life since the first TV was developed in late 1920. 1 Several people obtain news, entertainment and educational information from TV. The average American family watches TV for 5 h a day, and individuals in a few European countries spend a similar amount of time, or more, watching TV. 2 Given the amount of time individuals spend in front of the TV, several physicians and researchers have been offering warnings about the potential hazardous effects of watching too much TV.
Recently, use of three-dimensional (3D) TV is rapidly increasing, and some experts predict that 3D TV will soon be more popular than conventional two-dimensional (2D) TV viewing. 3 People who have become accustomed to the plain image from a 2D TV are enthusiastic about vivid images transmitted by 3D TVs. The artificial stereoscopic images transmitted by a 3D TV are formed by providing images that are produced on a flat surface to each eye. These images are different from the 3D shape of objects in the real world and images from a 2D TV. For this reason, some have argued that 3D TV might produce more harmful effects than 2D TV. 4 Until now, the harmful effects of 3D TV watching have been rarely studied. Only a few studies have reported eyestrain among 3D TV viewers. [5] [6] [7] The harmful effects of 3D TV watching are unlikely to be restricted to the eyes. The eyes interact with the brain, and areas of the brain such as the visual cortices and associated brain areas that help us perceive and understand visual stimuli. [8] [9] [10] However, to our knowledge, no study has investigated the effects of 3D TV watching on brain function. Therefore, we investigated the impact of 3D TV watching on neurophysiological responses and cognitive functioning. We hypothesized that 3D TV watching would have a more negative impact on cognitive performance by interfering with visual perception and associated neuronal circuitry as compared with 2D TV watching. We measured electroencephalography (EEG) activity, given that electrical activity is a neurophysiological index reflecting temporal changes in brain function. We focused our EEG measurement at the posterior and frontal sites. The former is supposed to be related to visual processing, and the latter is supposed to be related to cognitive functions, such as attention and executive functions.
Methods

Subjects
Ninety-one adults 19-50 years old were recruited using an Internet advertisement. Upon arriving at the laboratory, participants were given a detailed description of the study and they signed a consent form approved by the Korea University Anam Hospital Review Board. The participants then underwent a protocol screening. One psychiatrist and one research nurse conducted standardized face-to-face clinical interviews and physical examinations to exclude participants with any life-threatening diseases, any psychiatric or neurological disorders. Participants were also excluded if they had cognitive impairments or were unable to understand and read Korean. One ophthalmologist with board certificate conducted ophthalmological examination to evaluate for normal visual and stereoscopic acuity, as well as for color vision. Participants were then evaluated using the short form of the Center for Epidemiologic Studies Depression Scale (CES-D), 11 the State subscale of the Spielberger State and Trait Anxiety Inventory (STAI-S), 12 and the Athens Insomnia Scale (AIS) 13 to exclude participants with high depression, anxiety and insomnia symptomatology, respectively. Inclusion criteria for each scale are as follows: CES-D <24, STAI-S < 44, and AIS < 10. Fifteen participants were excluded due to ophthalmological problems, and four participants were excluded due to psychiatric symptoms, including depression and insomnia. Thus, a total of 72 adults participated in this study.
Environment and equipment
The subjective tests were conducted at the Korea University Ansan Hospital, in a laboratory specially designed as per recommendations from the ITU-R BT.500-11 for assessments in home environments with room illumination of 500 lux. The display used for presenting the sequences was a 55 00 LG stereoscopic TV with a resolution of 1920 Â 1080 and aspect ratio of 16:9. For visualizing 3D sequences, participants wore passive polarized glasses associated with this TV set. Participants were positioned at a viewing distance of 285 cm, three times the height (95 cm) of the TV.
Measures
Questionnaires and symptom checklists for screening
All participants completed a questionnaire assessing demographic information (gender, age, marital status and education), lifestyle factors (e.g., alcohol and smoking history), medical and psychiatric history, and sleep habits. Participants also completed the STAI-S, CES-D and AIS for identifying clinically significant anxiety symptoms, depression and insomnia, respectively. The STAI-S was designed to assess how much anxiety an individual feels 'right now, at this moment'. The questions were answered on a 4-point Likert scale ranging from 1 (not at all) to 4 (very much so). 12 Cronbach's alpha for the Korean version of the state anxiety subscale was .92. We used a cutoff of !45, which represents a clinically significant level of anxiety.
14 The CES-D is a short self-report scale designed to measure depressive symptoms. This measure contains 20 items and uses a 4-point scale for each item (ranging from 0 to 3). The total score ranges from 0 to 60, with higher scores indicating more severe depressive symptoms. The CES-D has good internal consistency, with an alpha coefficient of 0.85 for the general population and 0.90 for patient samples. The Cronbach's alpha of the Korean version was 0.89. While screening for major depression as per the DSM-III-R, a score of 25 is considered as the cut-off in a clinical setting, while a score of 21 is used as a cut off within a community setting to diagnose major depression. We used the standardized cutoff of !21.
11 The AIS was developed as a brief and easy-toadminister self-assessment questionnaire for the estimation of insomnia severity encountered in a large variety of clinical and research settings. 13 The AIS was shown to have satisfactory internal consistency: the Cronbach's alpha was 0.89. We used a cutoff of !10, which represents clinically significant insomnia. 15 
Psychophysiological measures
Physiological measurements were recorded using a ProComp Infinity System (Thought Technology Ltd; Montreal, Quebec, Canada) attached to a desktop computer. The ProComp Infiniti System is an eight-channel, multi-modality encoder used to record different physiological parameters. In this study, we were interested in recording six parameters: EEG, electromyography (EMG), galvanic skin response (GSR), skin temperature, heart rate and respiration. For EEG data acquisition, 8-mm electrodes fixed on Fz and Oz of the international 10/20 positioning system were used based on a linked-ears reference. The sampling frequency was 256 Hz. A digital band-pass filter was implemented between 0.5 and 30 Hz. Skin conductance level was measured using self-adhesive, 1-cm silver-silver chloride electrodes placed on the thenar and hypothenar eminences of the palm. Skin temperature (from the palmar surface of the little finger) and forehead muscle tension (measured with Ag/AgCl electromyographic sensors over the frontalis muscles, 1 cm above the eyebrows) were recorded. Respiration was recorded with strain gauges or tubes filled with conduction fluid and worn abdominally. Heart rate was measured with a blood volume pulse (BVP) sensor, which is a pulse detection sensor housed in a package worn on a small finger. The BVP sensor uses photoplethysmography to detect blood pressure in the extremities. The process of photoplethysmography involves applying a light source and measuring the light reflected by the skin.
Neurocognitive measures
To identify differences in the effects of 2D and 3D TV on neurocognitive functioning, we used computerized neurocognitive tests (KCN, GM communication, Tague, Korea), which included the following: simple reaction time (SRT), choice reaction time (CRT), color word vigilance (CWV), digit classification (DC), digit addition (DA), digit symbol substitution (DSS), memory forward digit span (FDS), backward digit span (BDS), and a finger tapping test (FT). The DA, DC, FDS and BDS tests assess working memory. The CWV test (Stroop color-word test) assesses the ability to shift from one thought modality to the next, as well as learning and using novel abstract principles and concepts (new reasoning skills). The SRT, CRT and DSS tests examine visuomotor, visuospatial and information processing. The FT test was used to assess psychomotor speed.
Subjective measures of visual discomfort
The participants completed the Simulator Sickness Questionnaire (SSQ; 16 symptoms rated on a 4-point scale: 0 = absent, 1 = slight, 2 = moderate and 3 = severe). 15 Participants also reported general discomfort on a 10-cm visual analog scale (VAS; 0 = no symptom, 10 = extremely severe). The following instruction was given before and after watching TV: 'Please point on the line that best describes how much mental or physical discomfort you feel now'.
Procedures
On arriving at the laboratory, participants were screened again, to identify factors that could influence performance on the experimental measures, including caffeine, smoking and alcohol intake, and sleep problems. Participants were randomly assigned to one of the two conditions using random numbers: one group (3D TV watching group) watched images in 3D, whereas the other (2D TV watching group) watched 2D images. The 2D and 3D images were the same and were derived from a truncated episode of a documentary and drama broadcast on public TV in Korea. The experiment was conducted with each participant, individually, in a small room at the hospital laboratory. Two, 10-min clips (2D or 3D) were played on a desktop computer. For the psychophysiological measures, participants were evaluated at baseline and at the end of the TV watching. Immediately before and after watching 2D or 3D content, participants completed the self-rating measures and performed the neurocognitive tests.
Statistical analyses
Descriptive statistics for each measure were calculated. We compared the two groups on their baseline measures using independent t-tests. Our sample sizes of 40 and 32 may achieve 11% power to detect a small difference of 0.6 based on SSQ score changes between the two groups with a significance level of 0.05 using a two-sided two-sample t-test. Frequencies of categorical data were analyzed using chi-square tests. To examine differences between baseline and post-task measures we used a repeatedmeasures analysis of variance to determine overall time and group effects, as well as time-by-treatment interactions. All statistical tests were evaluated at the 5% significance level (two-tailed). SPSS version 18.0 (SPSS, Chicago, IL) was used for all analyses.
Results
Sociodemographic and clinical characteristics of participants
Of the 72 participants, 40 (55.56 %) were female, and 32 (44.44%) were male. As shown in table 1, the mean age of the 3D TV watching group and the 2D TV watching group were 35.4 AE 7.72 years and 34 AE 7.26 years, respectively (P = 0.435). The percentage of female participants was 60% (n = 24) in the 3D TV watching group and 50% (n = 16) in the 2D TV watching group (P = 0.396). Blood pressure, pulse rate, and body mass index between the two groups were not significantly different (P > 0.05). At baseline, clinical characteristics assessed by the STAI-S, CES-D and AIS did not differ between the two groups (P > 0.05).
Influence of 2D and 3D TV watching on visual and physical discomfort Subjects reported aspects of visual discomfort on the SSQ after watching 2D or 3D TV (SSQ score at baseline was 2.28 AE 3.05 for the 3D group and 3.69 AE 3.49 for the 2D group; SSQ score after watching TV was 4.6 AE 3.35 for the 3D group and 4.03 AE 3.47 for the 2D group). The change in SSQ score was significantly greater for the 3D TV watching group as compared with the 2D TV watching group (P = 0.025). Participants from both groups complained of general discomfort when assessed by the VAS. However, changes in general discomfort before and after TV watching were not significantly different between the two groups.
Physiological and neurophysiological responses, and cognitive functioning among the 3D and 2D TV watching groups
There were no significant differences in physiological response (changes in heart rate, respiratory rate, EMG, skin conduction and temperature) between the 2D and 3D TV watching group (table 2) . Changes in delta, theta, alpha, beta and gamma EEG waves did not differ between the two groups (table 3). Performance on the neurocognitive tests generally did not differ between the two groups, except for backward digit performance: participants in the 3D TV group showed more improvement on this task as compared with the 2D TV group (table 4).
General effects of TV watching on physiological and neurophysiological responses, and cognitive functioning in the 2D and 3D TV watching groups Heart rate significantly decreased after watching TV in both the 2D and 3D TV groups. Skin conductance also significantly decreased after watching TV. However, significant changes in respiratory rate (P = 0.108), EMG (P = 0.357) and temperature (P = 0.706) were not observed after participants watched TV (table 2) .
Neurophysiological activity in terms of beta, gamma, delta and theta bands did not significantly change within frontal sites as a function of TV watching for either group. However, neurophysiological activity in the alpha band of the frontal area significantly decreased after watching TV for both the 3D and 2D TV groups. At the occipital sites, neurophysiological activity significantly increased within the alpha and beta bands, significantly decreased within the delta and theta bands, and did not change significantly within the gamma band for both groups (table 3). Performance on the CRT, DSS, FT and BDS significantly improved for both groups. Changes in performance for the other neurocognitive tests did not reach statistical significance (table 4).
Discussion
To our knowledge, this is the first study to investigate the influences of watching 3D and 2D TV on neurophysiology, physiology and cognitive functioning. We hypothesized that 3D TV watching might have more harmful effects on cognitive functioning due to negative impacts on visual stimulus processing and associated cerebral functioning. Contrary to our predictions, our results revealed that 3D TV watching and 2D TV watching did not significantly differ in their impact on neurophysiological responses and physiological functioning. There were also no differences regarding changes in cognitive performance between the 2D and 3D TV watching group, except for a subtle difference in DSB backward performance (the 3D TV group improved their performance on this task).
Previous studies have shown that people watching 3D TV report more visual discomfort. [5] [6] [7] Similarly, we found that participants who watched 3D TV had more visual discomfort complaints as compared with those watching 2D TV. Visual discomfort during 3D TV watching might be caused by the mismatch between 'stimulus to accommodation' and 'stimulus to convergence'. In other words, the accommodation stimulus would be constant for the screen because the distance from the screen to the eye remains fixed; however, the convergence stimulus should vary or fluctuate, depending on the image disparity resulting from objects located geometrically in front of, or behind, the screen. 4, 5 Perceiving an image does not involve only visual processing. Rather, it is the first step in acquiring information as it flows from visual sensors to cognitive processing areas. The act of watching TV triggers brain activation within the visual system. When a viewer recognizes the 'what' of an object/event, several cortical areas, such as the striate visual cortex, prestriate visual cortex, inferotemporal cortex and prefrontal cortex, are simultaneously activated. 16, 17 When a viewer spatially localizes the 'where' of an object/event and acts upon it, cortical areas within the striate visual cortex, prestriate visual cortex, posterior parietal cortex and prefrontal cortex are activated. 16, 17 Visual processing is closely related to cognitive abilities related to general memory, working memory and attention; visual perception and cognitive processing are supported by neuronal network connectivity. [18] [19] [20] Interference in the process of perceiving visual stimuli might negatively influence cognitive performance. 21, 22 Wais et al. 23 reported that bottom-up influences from irrelevant visual information interfere with top-down selection of episodic details mediated by a capacity-limited frontal control region, resulting in impaired recollection. Conversely, brain injury might have a negative impact on perceiving visual stimuli. For instance, convergence insufficiency without simultaneous visual or vestibular dysfunction has been observed in about 9% of traumatic brain injury patients reporting visual symptoms. 24 These might lead to a perceived mismatch between 'stimulus to accommodation' and 'stimulus to convergence', which could influence cognitive functioning.
However, contrary to our expectations, we did not observe decreased cognitive performance among 3D TV watching participants. In this study, cognitive performance did not differ between the 2D and 3D TV watching groups, except for increased performance on the BDS task for the 3D group. One possible explanation for the current findings is that the harmful effects of 3D TV watching on visual processing were too subtle for detection; these effects likely were not strong enough to change neurophysiological responses or interfere with cognitive performance. Alternatively, neuronal activity, related to controlling accommodation of eye focus, might be limited to peripheral reactions, independent from processing perceived visual stimuli toward a cognitive activity. Our findings suggest that the impact of 3D TV watching on neurophysiological and cognitive functioning might be no different from that of watching a 2D TV, even if a 3D TV image can cause visual discomfort. One interesting finding from the current study was that 3D TV participants showed a significant increase in DSB performance as compared with the 2D group. Certain cognitive functions might be partially enhanced by the vivid visual stimuli provided by a 3D TV. However, we should be cautious with such result. With the exception of DSB performance, the groups did not differ on any of the other neurocognitive measures. If differences in cognitive performance emerged between the 2D and 3D TV watching groups, such differences were too subtle to be meaningful. Further studies are needed using more suitable neurocognitive tests with larger sample groups.
Despite the current findings, we do not suggest that TV watching is bereft of potentially harmful effects. Previous studies have reported that TV watching is associated with increased body fat, obesity, high blood pressure and sleep disturbances. [25] [26] [27] Furthermore, people who watch a significant amount of violence on TV show more aggressive behaviors. 28 Additionally, TV exposure before the age of two might interfere with normal neurodevelopment and modify electrical activity in the brain. [29] [30] [31] However, these adverse effects from watching TV seem to mainly depend the length of time a person spends watching TV or the point at which a viewer is exposed to TV (time of day, age of first watching TV, etc.), irrespective of whether the viewer watches a 2D or 3D TV. This is the first study to examine the impact of 3D TV watching on neurophysiological, physiological and cognitive functioning, and a few limitations should be noted. First, our study involved a small number of participants, which may have affected the statistical significance of our findings. The Bonferroni correction is the most popular way to correct for the multiple testing issue, but its utility may depend on the nature of the study. The correction of multiple testing can be waived if a small number of hypotheses have been stated a priori or if the purpose of the study is exploratory, and this is also in agreement with the assertions of other researchers. 32 Second, we assessed the influences of 3D TV watching after watching TV for only 15 min. Increasing the TV viewing time might have produced significant changes in our parameters. Furthermore, we only investigated the harmful effects of 3D TV watching among normal adult participants. We cannot make any conclusions as to the potentially harmful effects of 3D TV watching on susceptible participants, such as psychiatric patients and individuals with ophthalmological problems. Especially, children with underlying psychiatric problems such as Attention Deficit Hyperactivity Disorder, anxiety and language developmental disorder would have potential risks to develop unwanted or unexpected harmful effects from 3D watching. Further investigations need to address the influences of 3D TV watching within these subject groups.
Conclusion
Our findings suggest that 3D TV watching is as safe as 2D TV watching in terms of neurophysiological responses and cognitive functioning. The potentially harmful effects of TV watching might depend on viewing duration or the content of the TV program; however, the negative effects of TV viewing might not depend on whether one is watching a 3D or 2D TV.
